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When considering how individual organisms and popula-
tions evolve, key issues are the genotype of the organism(s),
how the genotype is manifest as phenotype and how it con-
tributes to the fitness of the organism(s) under different
environmental conditions. One of the basic genetic con-
cepts learned by undergraduate students in evolutionary
biology is the ‘reaction norm’, a mathematical function -
usually presented as a graph - that describes the range of
phenotypes that can arise from a given genotype in response
to variation in the environment. Especially interesting from
an evolutionary standpoint is the fitness reaction norm - the
range of possible fitnesses in different environments - since
it describes the evolutionary potential of an individual in
alternative environments. The range of fitnesses seen among
different mutant genotypes in a given environment is
termed the mutational variance. Examples of hypothetical
fitness reaction norms are shown in Figure 1.
Genotype-environment interactions
It is generally thought that the deleterious effects of muta-
tions on fitness will be exacerbated in stressful environ-
ments. But new results [1] suggest that in fact the negative
fitness effects of deleterious mutations can be reduced in
stressful environments. The dependence of the fitness of a
particular genotype on the environment may be classified
into one of three categories [2]. In the first category
(Figure 1a), mutations are unconditionally deleterious
across alternative environments because they impair an
essential function of the organism. The relative effect of
each of these mutations can change and usually increases
with the degree of environmental harshness, but they
remain deleterious. In the second category, mutations are
conditionally neutral (Figure 1b); that is, they are deleteri-
ous in some environments but neutral in others, because
they affect the organism’s match with specific environmen-
tal factors. In the third category, mutations are conditionally
beneficial (Figure 1c) - deleterious in some environments
but beneficial in others.
Unconditionally deleterious mutations are invariably
purged from populations by natural selection, under any
environmental conditions, so their long-term impact is
limited. But conditionally beneficial variation is of great
evolutionary significance because it drives ecological spe-
cialization in marginal habitats and, eventually, leads to
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© 2003 BioMed Central Ltd speciation [3]. Together, the form of the interaction
between genotype and environment, the underlying genetic
architecture and the pattern of exposure to the relevant envi-
ronments direct the outcome of evolution [4]. For example,
if the fitness reaction norms for a given set of genotypes
decrease monotonically with increasing stress, the muta-
tional variance will increase (Figure 1a and, more obviously,
Figure 1b). But, if the rank order of the fitness of different
genotypes alters across environments in such a way that the
slopes of reaction norms are of different sign - for example
with some mutations being unconditionally deleterious but
others conditionally beneficial (Figure 1d) - changes in
mutational variance across environments are unpredictable.
In this case, not all reaction norms go in the same direction
and if the environment fluctuates spatially or temporally dif-
ferent genotypes may be optimal in each alternative environ-
ment, supporting the situation of a balanced polymorphism.
Measuring the effects of stress
Genotype-environment interactions that affect fitness are
widespread in nature, and most studies have found muta-
tions that have unconditionally deleterious or conditionally
neutral effects in stressful environments [2,5-13]. In a few
cases, individual deleterious mutations have been found that
have beneficial effects in a more stressful environment [14-
16]. But it is not only mutations with a qualitative change in
fitness effect that are important: quantitative changes across
environments may also have evolutionary consequences. For
instance, of the large class of unconditionally deleterious
and conditionally neutral mutations, most show aggravated
deleterious effects under stress [11,12], leading to their more
efficient removal from the population under these condi-
tions. In contrast to this general view, the study by Kishony
and Leibler in this issue of Journal of Biology [1] suggests a
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Figure 1
Hypothetical fitness reaction norms across two alternative
environments, benign and harsh, for different genotypes. Each line
represents the behavior of one particular genotype (a) These
mutations are unconditionally deleterious. Changes are observed in the
fitness rank order (the hierarchy of fitnesses among the different
genotypes), together with an increase in mutational variance (the range
of fitnesses seen among the different genotypes). (b) These mutations
are conditionally neutral. A net increase in mutational variance is
observed. (c) These mutations are conditionally beneficial. The fitness
rank order changes for some mutations, although the mutational
variance remains unchanged. (d) These different genotypes carry all
three types of mutations: unconditionally deleterious, conditionally
neutral and conditionally beneficial. A complex situation is illustrated, in
which a net increase in mutational variance is accompanied by a change
in fitness rank order. In all cases (a-d), the dashed line at a fitness value
of 1.0 represents a neutral effect; we assume that a mutation-free
genotype has a fitness of 1.0 in the benign environment.slightly different picture, in which some environmental
stresses alleviate rather than aggravate the deleterious effects
of average random mutations.
Kishony and Leibler [1] used a chemical mutagen to induce
random mutations in the bacterium Escherichia coli, and
isolated 65 mutant genotypes under permissive conditions
over the course of three days, with about one third appear-
ing after the first day (thus avoiding further selection).
They then measured the growth rate of the progenitor
strain and the 65 mutants in a relatively permissive envi-
ronment, as well as in seven different stressful environ-
ments. In the seven stressful environments, the growth rate
of the unmutated progenitor strain was reduced by 35-98%
relative to the favorable environment. By using a strain that
constitutively expressed luciferase, the authors were able to
measure growth at very low cell densities. The stressful
environments were classified according to the kind of stress
applied: some environments were stressful only for certain
metabolic pathways (for example, antibiotics), while others
had a broad cellular impact (for example, temperature or
pH). Whereas the growth rate of the 65 mutants was on
average reduced by 28% relative to the unmutated strain in
the favorable environment, this reduction shrank in four of
the seven stressful environments (two antibiotics, a reduc-
ing agent and low temperature), and became larger only
under acidic stress. (The other two stresses did not change
the average relative fitness of the mutants.) Thus, contrary to
previous findings, this study found that amelioration of
deleterious effects, rather than magnification, was common
in stressful environments.
Understanding the impact of stress
Why would Kishony and Leibler observe, in general, the
amelioration of deleterious mutational effects by stress,
whereas others found that stress tends to aggravate these
effects? Kishony and Leibler discuss three possible explana-
tions [1]. One is that particular stresses (for example, that
caused by antibiotics) would confer an advantage on slowly
growing cells. This possibility was immediately refuted by
their data, as it would imply a positive correlation between
fitness reduction and the level of mutation amelioration by
the stress, but such a correlation was not observed. The
second possible explanation is that the amelioration is an
artifact caused by the mutagenic effect of certain stresses,
which obscures the effect of the original mutation(s) under
study. The third possibility is potentially the most interest-
ing: that stress and mutation do not always affect the same
cellular functions. When stress affects only a single function
or pathway, as is true for certain antibiotics, and if growth
rate is determined by the slowest of a number of parallel
pathways, then a mutant cannot grow more slowly under
stress than either the mutant growing under favorable con-
ditions or the wild-type under stress. Hence, the mutational
effect under stress would always be smaller than the effect
under favorable conditions. While the distinction between
stresses that target a specific pathway and those that have
broad cellular effects is helpful, the ‘parallel-pathway
model’ used to interpret this distinction is something of an
oversimplification. For instance, it relies on the indepen-
dence of the presumed parallel pathways, but the wide-
spread occurrence of epistasis [17] is not consistent with
this notion.
Alternative explanations for the discrepancy between
Kishony and Leibler’s results and those of others are possi-
ble as well. First, the stresses applied by Kishony and Leibler
are unusual, from an evolutionary perspective, and different
from the kinds of stresses applied in other studies, which
instead relied on such stresses as starvation, intensified
resource competition, population density or parasitism.
Why stress caused by antibiotics, a reducing agent or low
temperature might be essentially different from these other
stresses is unclear, but this would be worth investigating in
future studies. The authors’ distinction between stresses
with particular versus broad cellular effects may help to
direct such studies. A second possible explanation for the
discrepancy is that Kishony and Leibler used growth rate at
low density as a measure of fitness, whereas others have
measured fitness under more competitive conditions
[2,5,6,8,9], or even in direct competition experiments
[14,16]. Competitive conditions may challenge more func-
tions of an organism than non-competitive conditions,
increasing the chance that stress and mutation interact in
their effect on fitness. It is unclear why this interaction
should be synergistic (such that stress amplifies mutational
effects) under competitive conditions, but theoretical work
[18] predicts that synergistic epistasis among deleterious
mutations depends on competitive conditions.
As an extrapolation from their findings, Kishony and Leibler
[1] interpret the amelioration of single mutational effects by
certain stresses as evidence for epistasis between multiple
deleterious mutations, an issue of broad relevance for evo-
lutionary theory [17]. The authors base their argument on
the observed lower decrease in fitness of mutants under
stressful conditions than under favorable conditions. If this
tendency is extrapolated to mutants carrying multiple muta-
tions, the multiple mutants would have higher fitness under
stress than under favorable conditions. The authors found
this idea unrealistic and invoked epistasis to avoid the
potential for this situation to occur and to preclude the
crossing of lines on the graph of fitness reaction norms.
Conditionally beneficial mutations have in fact been
observed previously [14-16], so the scenario may not be as
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these data is therefore weak.
In conclusion, the classic view that deleterious mutational
effects are magnified under environmental stress turns out
to be somewhat naïve. As the number of precise studies of
this issue increases, a new and more complex picture arises.
Some mutations with deleterious effects across most envi-
ronments appear to have beneficial effects in other environ-
ments [14-16]. In addition, stressful environments appear
to sometimes alleviate rather than aggravate the deleterious
effects of unconditionally deleterious mutations [1].
Although the reasons for these discrepancies are not known
at present, some interesting suggestions have been made
that should stimulate further studies. In particular, experi-
ments in which the number of introduced mutations is con-
trolled, the evolutionary history of the strain used is known,
and fitness is measured in direct competition with the
unmutated progenitor, are needed to improve our under-
standing of the qualitative and quantitative details of geno-
type-environment interactions. We believe that microbes are
well suited for such studies [19].
Acknowledgements
The Spanish Consejo Superior de Investigaciones Científicas (CSIC)
funds S.F.E., and J.A.G.M.dV. is funded by a fellowship from the Nether-
lands Organization of Scientific Research (NWO).
References
1. Kishony R, Leibler S: Environmental stresses can alleviate the
average deleterious effect of mutations. J Biol 2003, 2:14.
2. Kondrashov AS, Houle D: Genotype-environment interac-
tions and the estimation of the genomic mutation rate in
Drosophila melanogaster. Proc R Soc Lond B Biol Sci 1994,
258:221-227.
3. Kawecki TJ, Barton NH, Fry DJ: Mutational collapse of fitness
in marginal habitats and the evolution of ecological spe-
cialisation. J Evol Biol 1997, 10:407-429.
4. Gillespie JH, Turelli M: Genotype-environment interactions
and the maintenance of polygenic variation. Genetics 1989,
121:129-138.
5. Shabalina SA, Yampolsky LY, Kondrashov AS: Rapid decline in
panmictic populations of Drosophila melanogaster main-
tained under relaxed natural selection. Proc Natl Acad Sci USA
1997, 94:13034-13039.
6. Fry JD, Keightley PD, Heinsohn SL, Nuzhdin SV: New esti-
mates of the rates and effects of mildly deleterious
mutation in Drosophila melanogaster. Proc Natl Acad Sci USA
1999, 96:574-579.
7. Fernández J, López-Fanjul C: Spontaneous mutational geno-
type-environment interaction for fitness-related traits in
Drosophila melanogaster. Evolution 1997, 51:856-864.
8. Fry JD, Heinsohn SL, Mackay TFC: Heterosis for viability,
fecundity, and male fertility in Drosophila melanogaster:
comparison of mutational and standing variation. Genetics
1998, 148:1171-1188.
9. Fry JD, Heinsohn SL: Environment dependence of muta-
tional parameters for viability in Drosophila melanogaster.
Genetics 2002, 161:1155-1167.
10. Vassilieva LL, Hook AM, Lynch M: The fitness effects of spon-
taneous mutations in Caenorhabditis elegans. Evolution 2000,
54:1234-1246.
11. Korona R: Genetic load of the yeast Saccharomyces cere-
visiae under diverse environmental conditions. Evolution
1999, 53:1966-1971.
12. Szafraniec K, Borts RH, Korona R: Environmental stress and
mutational load in diploid strains of the yeast Saccha-
romyces cerevisiae. Proc Natl Acad Sci USA 2001, 98:1107-1112.
13. Coltman DW, Pilkington JG, Smith JA, Pemberton JM: Parasite-
mediated selection against inbred soay sheep in a free-
living, island population. Evolution 1999, 53:1259-1267.
14. Remold SK, Lenski RE: Contribution of individual random
mutations to genotype-by-environment interactions in
Escherichia coli. Proc Natl Acad Sci USA 2001, 98:11388-11393.
15. Stevens L, Yan G, Pray LA: Consequences of inbreeding on
invertebrate host susceptibility to parasitic infection. Evolu-
tion 1997, 51:2032-2039.
16. Haag CR, Sakwinska O, Ebert D: Test of synergistic interac-
tion between infection and inbreeding in Daphnia magna.
Evolution 2003, 57:777-783.
17. Wolf JB, Brodie ED III, Wade MJ: Epistasis and the Evolutionary
Process. New York: Oxford University Press; 2000.
18. Peck JR, Waxman D: Mutation and sex in a competitive
world. Nature 2000, 406:399-404.
19. Elena SF, Lenski RE: Evolution experiments with microor-
ganisms: the dynamics and genetic bases of adaptation.
Nat Rev Genet 2003, 4:457-469.
12.4 Journal of Biology 2003, Volume 2, Issue 2, Article 12 Elena and de Visser http://jbiol.com/content/2/2/12
Journal of Biology 2003, 2:12